Birnessite-type manganese oxide is a highly efficient oxidant that has been investigated widely for As(III) oxidation.
Introduction
Arsenic (As) is one of the most common environmental pollutants and can exist in four oxidation states, arsine (-3), arsenic (0), arsenite (+3), and arsenate (+5). Arsenite [As(III)] and arsenate [As(V)] are the two main inorganic arsenic species that are found in arsenic-containing wastewater. Arsenite has greater toxicity, but a weaker affinity for adsorbents than As(V). The preoxidation of As(III) to As(V) is regarded as a critical process for decreasing As toxicity and improving total As removal using treatment methods such as adsorption and co-precipitation [1, 2] . To date, a large number of chemical oxidants have been developed for highly efficient oxidation of As(III) to As(V), and include ozone [3] , chlorine [4] and hydrogen peroxide [2, 5, 6] . Nevertheless, these oxidants are not environmentally friendly, producing toxic byproducts [7] , and therefore it is highly desirable to explore other alternatives [8] .
Birnessite is a type of manganese oxide that has a two-dimensional (2D) layer structure of edge-shared MnO6 octahedra with exchangeable ions (e.g. Na + , K + ) and H2O molecules inside the interlayer [9] . Because of its high redox potential, birnessite-type manganese oxide has been widely investigated as a highly efficient oxidant for preoxidation of As(III) to As(V) [10] [11] [12] [13] [14] . It is well known that oxidation of As(III) to As(V) by manganese oxide couples with adsorption of As(V) [14, 15] . Experimental and theoretical evidence demonstrates that As(V) adsorption is more favorable than As(III) on manganese oxide surfaces [14] [15] [16] . This means that passivation of manganese oxide surfaces originating from adsorption of As(V) is inevitable, and may lead to a decrease in As(III) oxidation [12, 17] . In addition, coexisting ions such as phosphate and Mn 2+ readily occupy its surface active sites and prevent As(III) binding, thereby reducing the extent and rate of As(III) oxidation [17, 18] . A novel approach is required to enhance As(III) oxidation whilst reducing the negative effects of As(V) and coexisting ions. Yin et al. for example synthesized nanostructured Codoped birnessite through substitution of framework Mn ions with Co [19] . They discovered that the Co-doped birnessite revealed greater As(III) oxidation activity than without doping. This effect was attributed to the higher standard redox potential of Co 3+ /Co 2+ as compared to that of MnO2/Mn 2+ . Villalobos et al. prepared acid birnessite with low specific surface area (SSA) and high vacancy content [20] . They confirmed that As(III) oxidation rate per unit surface area of the acid birnessite sample was greater than that with high SSA and low vacancy content at pH 6.
The process of controlling birnessite morphology to improve its electrochemical and magnetic properties and catalytic oxidation and purification of environmental pollutants, has attracted much attention [21] [22] [23] . For example, in previous work, we compared the catalytic activity of birnessite with nanoflower, nanowire and nanosheet morphologies, and observed that nanoflower-like birnessite showed significant catalytic activity for benzene oxidation compared to nanowire-like and nanosheet-like birnessites [23] . Nevertheless, there are no reports in the literature as to the effect of birnessite morphology on the oxidation of As(III) to As(V). Here, nanoflower (Bir-NF), nanowire (Bir-NW) and nanosheet (Bir-NS) birnessite morphologies were used to oxidize As(III) to As(V). For the first time, we observed the morphology-dependent enhancement of As(III) oxidation activity by birnessite. Compared to Bir-NW and Bir-NS, Bir-NF not only had the greatest As(III) oxidation rate, but also resisted the adverse effect of As(V) and coexisting ions on As(III) removal. We combine both experimental and theoretical evidence to reveal the origin of morphology-dependent enhancement of As(III) oxidation by birnessite.
Experimental section

Sample preparation
Nanoflower-like birnessite was prepared by a facile hydrothermal reaction between Mn(NO3)2 (50 wt %) and KMnO4
with Mn(NO3)2/ KMnO4 molar ratio of 2 at 50 o C for 48 h as described in our previous work [23] . Nanowire-like birnessite was prepared by a hydrothermal reaction between MnSO4 (0.11 g) and KMnO4 (0.6 g) at 240 o C for 24 h as described in the literature reported by Liang et al [24] . The nanosheet-like birnessite sample was prepared via a facile hydrothermal reaction with KMnO4 (0.948 g) at 240 o C for 24 h as described in the literature reported by Duan et al [22] .
Batch experimental procedures
Batch experiments were performed in an oscillating waterbath at a velocity of 160 rpm at 25 o C. Arsenite stock solution (10 mmol L -1 ) was prepared by dissolving 0.8 g NaAsO2 into distilled water (100 mL). The simulated As(III) wastewater (0.1 mmol L -1 ) was obtained by a stepwise dilution of NaAsO2 stock solution using a buffer solution (pH 6.0). Details of the batch experimental procedures are as follows:
Birnessite (0.05 g) was added to a 0.1 mmol L -1 As(III) solution (50 mL). During the period of As(III) oxidation, suspensions (2.0 mL) were pipetted into a centrifuge tube (10 mL) at specific intervals, diluted to 8.0 mL with distilled water, and centrifuged at 5000 rpm for 10 min. To investigate the effect of coexisting As(V), phosphate, and Mn 2+ on As(III) removal, 0.1 mmol L -1 NaH2AsO4·7H2O, NaH2PO4, and Mn(NO3)2 were respectively added into the initial As(III) solution. The effect of NaH2PO4 and Mn(NO3)2 on As(III) removal was performed by respectively adding 0.1, 1.0, and 10 mmol L -1 into the initial As(III) solution at pH 6.0. The effect of birnessite dosage was carried out by setting the dosages to 0.2, 0.4, 0.6, 0.8, and 1.0 g L -1 nanoflowers at pH 6.0. The effect of pH on As(III) removal was conducted using buffer solutions at pH 4.7, 6.0 and 9.16, respectively. An acetate acid/sodium acetate buffer system was used for adjusting pH to 4.7 and 6.0. A sodium carbonate/sodium bicarbonate buffer system was used to adjust pH to 9.16. p Preparation details of these buffer solutions are described in previous work [17] . The change in pH in As solutions was recorded over different reaction periods of 0 min, 30 min, and 24 h using the different buffer systems. pH had no change during the entire reaction, indicating that the buffer systems used in this work were stable (Fig. S1 , Supporting information).
Adsorption experiment
Arsenate adsorption tests were performed using an oscillating waterbath at 160 rpm,
was obtained following a stepwise dilution of NaH2AsO4·7H2O stock solution at pH 6.0. Samples (0.05 g) were added into 50 mL of 0.1 mmol L -1 As(V) in 100 mL containers. Samples were left for 24 h, then 2.0 mL aliquots were pipetted into a 10 mL centrifuge tube, diluted to 8.0 mL using distilled water, and centrifuged at 5000 rpm for 10 min. The As(V) adsorption capacity of the birnessite samples was calculated as follows:
where q represents the adsorption capacity of birnessite samples, μmol g -1 ; Co and C are the initial and residual As(V) and phosphate concentrations after reaction (24 h); V0 is the solution volume, L; m is the mass of the samples, g.
For adsorption kinetics experiments, birnessite (0.05 g) was added into 50 mL of 0.1mmol L -1 phosphate solution at pH 6.0. During the period of phosphate adsorption, suspensions (2.0 mL) were pipetted into a centrifuge tube (10 mL) at specific intervals, diluted to 8.0 mL with distilled water, and centrifuged at 5000 rpm for 10 min.
Analysis methods
Total As and As(V) in solutions were determined by colorimetric spectrophotometry [17, 25] . Details of analysis procedures are described in previous work [17] . When phosphate species were present, As(III) and total As concentrations were determined by atomic absorption spectrophotometry (AAS-6880, SHIMADZU) equipped with hydride generation (LH-2A). Analysis of total As is described in previous work [17] . Dissolved Mn 2+ was also determined using AAS.
Characterizaiton
Birnessite samples, before and after reaction with 0.1 mmol L -1 As(III), were characterized by a Fourier transform infrared (FTIR) IRAffinity-1S spectrophotometer and a VG Multilab 2000 X-ray photoelectron spectrometer (XPS) using Mg Ka radiation spectroscopy. Birnessite samples were freeze-dried before characterization.
The point of zero charge (pHPZC) analysis
Birnessite point of zero charge (pHPZC) was measured by salt titration with a prolonged equilibration time according to the literature reported by Tan et al [26] . Measurement procedure details are described in previous work [17] . After adding KCl into suspension, the Pitzer equation (f0.1 = 0.77) was used to eliminate systematic errors. pH was determined using a pH meter (Model PHS-25, China) with an accuracy of 0.01.
Density functional theory calculation
Density functional theory (DFT) was used to calculate As adsorption on birnessite surfaces. The Vienna Ab-initio Simulation Package (VASP) software was used to perform DFT calculations. According to XRD data reported in previous work, lattice parameters of birnessite for DFT calculation, obtained from JCPDS 80-1098, were a = 5.149, b = 2.843, c = 7.176 Å, α = γ =90°, β = 100.76°. The birnesstie surface plane {100} was constructed based on the exposed facet of birnessite observed in HRTEM mapping. As H2O molecules can adsorb onto the surface of birnessite, we constructed the planar {100} surface with a H2O molecule adsorbed, thereby simulating the solution conditions. Details of the calculation are outlined in previous work [17] . A 2 × 2 × 2 Monkhorst-Pack k-point mesh was used for structure optimization. The kinetic cutoff energy was 400 eV. Convergence criteria for the electronic and ionic relaxation was 10 -4 eV and 0.02 eV Å -1 , respectively. All calculations were repeated twice to ensure accuracy of the DFT calculation results.
Results and discussion
Characterization
Birnessite samples with NF, NW, and NS morphologies were prepared according to the literature reported by Hou et al, Liang et al, and Duan et al, respectively [23, 24, 27] . Samples were then characterized by XRD, SEM, TEM, ICP-OES, XPS, and N2 adsorption/desorption. XRD patterns revealed that all samples had a pure crystalline birnessite structure ( Fig. S2 ) [23] . Nanoflower and NW samples revealed broader diffraction peaks compared to NS, indicating the presence of smaller crystal sizes in these samples. SEM and TEM images reveal the morphologies of Bir-NF, Bir-NW, and Bir-NS respectively ( Fig. S3 ) [23] . XPS spectra revealed that only manganese, oxygen, and potassium elements were present in the three samples (Fig. S4 ). The Mn2p spectra showed that only Mn 3+ and Mn 4+ species were present in samples, no Mn 2+ species were detected [23] . The calculated Mn 3+ /Mn 4+ ratio in Bir-NF, Bir-NW, and Bir-NS was 5.49, , respectively [23] .
As(III) oxidation performance
Bir-NS showed the lowest As(III) oxidation activity ( Fig 1A) . After 30 min, 7.8% of As(III) species were oxidized to As(V). In comparison, Bir-NW removed up to 40.3% As(III) after 30 min whilst Bir-NF removed 98.7% As(III) after 30 min, generating the greatest As(III) oxidation activity. Arsenic oxidation state on Bir-NF surfaces was analyzed by fitting As3d XPS spectra. As shown in Fig S5, only one peak at ~45.3 eV, was assigned to As(V) species [15, 28] . This was decomposed from As3d XPS spectra, indicating that As(III) species in the initial As solution were oxidized to As(V) before being adsorbed onto birnessite surfaces. FTIR spectra of Bir-NF before and after reaction with As(III) are presented in Fig. S6 . For fresh Bir-NF samples, peaks at ~530, ~480, and ~ 420 cm -1 were assigned to Mn-O stretching vibrations in birnessite [29, 30] . After reaction with As(III), a new peak at ~820 cm -1 , attributed to As(V)-O stretching vibration [15, 31] , was observed. It is noteworthy that the As(III)-O vibration, has a characteristic peak at ~580 cm -1 [31] , that did not appear in Bir-NF samples, indicating that As species adsorbed on birnessite surfaces are only in the As(V) form, which is consistent with XPS analysis.
The development of As(III) and As(V) concentrations in aqueous and solid phases was examined during reaction with the initial As(III) concentration and Bir-NF sample at pH 6.0. In the aqueous phase, after 30 min, arsenite and arsenate concentrations reached 1.3 and 79 μmol L -1 respectively (Fig. S7 ). In the solid phase, the calculated arsenic concentration was 19.7 μmol L -1 ( Fig. S7 ) which indicates that most of the arsenic species were dissolved in the aqueous phase, which is in agreement with previous reports [1, 32] . FTIR and As3d XPS spectra analyses revealed that unreacted As(III) species only existed in the aqueous phase, rather than the solid phase. Therefore, the residual As(III)
concentration in the aqueous phase may be used to evaluate As(III) to As(V) transformations by birnessite.
Arsenite oxidation on birnessite follows first-order kinetics [14] with an initial reaction time of 30 min ( Fig S8) .
Arsenite oxidation rate constant (kc) of Bir-NS was very low, 2.2×10 -3 min -1 , whereas for Bir-NW, it increased to ) (Fig. 1B) , indicating that birnessite morphology had a significant effect on As(III) removal.
It is widely accepted that oxidation of As(III) by manganese oxide couples with adsorption of As(V) produced. In addition, both As(III) and As(V) species coexist in polluted groundwater [33, 34] . Arsenate has a greater affinity for manganese oxide than As(III), and so occupation of activity sites on manganese oxide surfaces by As(V) may result in reduction of As(III) oxidation. In order to demonstrate whether As(V) affects As(III) removal on birnessite, 0.1 mmol L -1 As(V) was added to the initial As(III) solutions. It was revealed that As(III) removal on Bir-NW and Bir-NS was considerably reduced from 24.8% and 3.6% (Fig. 2) . Nevertheless, following addition of 0.1mmol L -1 As(V), As(III) removal with Bir-NF reached 98.0%. These results demonstrate that the strategy for controlling birnessite morphology not only promotes the rate of As(III) oxidation kinetics, but can also prevents As(V) coexisting with As(III) oxidation in this case.
Arsenite oxidation is controlled by kinetics, and competitive adsorption of coexisting ions, which passivates the surface active sites and blocks As(III) oxidation. To determine if the effect of As(V) on As(III) oxidation originated from different As(V) adsorption rates, As(V) adsorption capacity was compared. All samples adsorbed As(V) revealing adsorption capacities for Bir-NF, Bir-NW, and Bir-NS as 32.7, 13.5, and 8.7 μmol g -1 , respectively (Fig. 2B ). The decrease in As(III) oxidation activity for Bir-NW and Bir-NS, after addition of As(V), may be attributed to competitive adsorption by As(V); arsenate occupies the active sites and interferes with contact between As(III) and birnessite.
Nevertheless, Bir-NF, demonstrated the greatest As(V) adsorption capacity. Specific adsorption capacity, defined as the concentration of As(V) adsorbed per unit surface area per gram of sample was also assessed. Bir-NF also possesses the greatest specific adsorption capacity (Fig. 2B, blue column) . This shows that competitive adsorption of As(V) had no effect on As(III) oxidation activity with Bir-NF. Rapid As(III) oxidation kinetics consequently plays a critical role in As (III) removal, which counteracts the adverse effects of As(V) adsorption.
Phosphate has the same molecular structure as arsenate, and was chosen as a competitive ion to explain the adsorption effect of As(III) oxidation activity on birnessite. After addition of 0.1 mmol L -1 phosphate, As(III) removal on Bir-NS and Bir-NW was 2.1% and 20.1%, respectively, being reduced by 5.7% and 20.2% compared to no phosphate (Fig. 3A, green column) . This has been observed in previous work, and is attributed to the favorable occupation of phosphate species on surface active sites, resulting in the decreasing interaction of As(III) on birnessite surfaces [12, 35] .
However, phosphate had no significant effect on Bir-NF, with 97.0% As(III) removed from solution (Fig. 3A) .
Birnessite phosphate adsorption kinetics at 0.1 mmol L -1 were fitted using pseudo-first-order and pseudo-second-order models (Fig. 3B) . The model equations are as follows:
pseudo-second-order model: t/qt = t/qe + 1/(k2qe
where t is the adsorption time (min); qe and qt represent the phosphate adsorption concentration at equilibrium and at time t, (μmol/g); k1 (min -1 ) and k2 (g μmol -1 min -1 ) are the rate constants of the pseudo-first-order and pseudo-secondorder.
As shown in Fig 3B, the adsorption of phosphate on three birnessite samples can achieve adsorption equilibrium after 100 min. For Bir-NW and Bir-NS samples, their phosphate adsorption kinetics rates (k1) are 0.137 and 0.080 min -1 , respectively (Table S1 ), which are far higher than their As(III) oxidation kinetics rates (corresponding to 1. a decrease in arsenite from 78.0% to 65.5%. This revealed that the presence of higher concentrations of phosphate in wastewater is unfavorable to As(III) removal on birnessite. We also investigated phosphate adsorption kinetics on Bir-NF at 4 mmol L -1 (Fig. 4B) . Phosphate adsorption kinetics rate increased slightly from 0.130 to 0.138 min -1 (Table S2 ).
This is close to As(III) oxidation kinetics (0.137 min -1 ), suggesting that As(III) oxidation behavior is consistent with phosphate adsorption behavior. For this reason, competitive adsorption of phosphate at high concentration can't be disregarded. We also evaluated Mn 2+ ion concentrations ranging from 0.1 to 10 mmol L -1 and revealing that arsenite removal considerably decreased with increasing Mn 2+ concentration (Fig. S9 ). This showed that Mn 2+ at high concentrations had a greater effect than that of phosphate.
Original As(III) concentration on As(III) removal on Bir-NF was also evaluated by diluting the As(III) stock solution to a concentration range between 0.05 and 0.5 mmol L -1 at pH 6.0. At 0.05 mmol L -1 , As(III) rapidly oxidized to As(V) in 5 min from an initial concentration of 0.05 mmol L -1 (Fig. 5A) (Fig. 5B) . In addition, after 30 min, As(III) removal at 0.6 g L -1 Bir-NF was very close to those of 0.8 g L -1 and 1.0 g L -1 , indicating that oxidation rate (as defined as the amount of As(III) oxidized per gram per minute) at high concentration is lower than that at low concentration, which was also observed in previous work [1, 17] .
The effect of pH on As(III) removal with Bir-NF was investigated at 4.7, 6.0, and 9.16 ( Fig. S11) . Arsenite removal on Bir-NF at pH 6.0 was very close to that at pH 4.7 (95.4%) and 9.16 (97.5%), suggesting Bir-NF has a strong pH adaptability, which is critical for application of Bir-NF in As(III) removal. is based on all birnessite samples that have the same crystalline structure. Bir-NF has the highest OVD concentration (0.39), followed by Bir-NW (0.26) and Bir-NS (0.08). This illustrates the significant difference between As(III) oxidation rates and birnessite morphologies and may be related to the oxygen vacancy defect; the higher the OVD concentration, the greater the As(III) oxidation activity.
Origin of morphology effect on
Detection of dissolved Mn
2+
: It is well known that oxidation of As(III) by birnessite follows a typical electron transfer mechanism [13, 14, 16, 41] , i.e., As(III) species firstly adsorb onto manganese oxide surfaces in bidentatebinuclear form [14, 16, 42] (Fig. 8) ions forming a bidentate surface complex, and two electrons from As(III) transfer to each of the bonded Mn(III) ions, hence leading to the production of As(V) and the release of Mn 2+ ions from manganese oxide surfaces [13] :
The overall reaction can be described as follows:
MnO2 + H3AsO3 + 2H + Mn 2+ + H3AsO4 + H2O (6) Based on the above mechanism, the faster the electron transfer of arsenite to Mn, the greater the Mn 2+ concentration released, and the faster the As(III) oxidation rate on birnessite. Thus, the evolution of Mn 2+ produced from different birnessite samples was employed to evaluate As(III) electron transfer rate. The evolution of Mn 2+ produced with the reaction time on different samples is shown in Fig. 6 2+ release from Bir-NF, Bir-NW, and Bir-NS samples in the absence of As(III) at pH 6.0 was also determined (Fig. 6 , cyan, magenta, and dark yellow lines represent blank tests using Bir-NF, Bir-NW, and
Bir-NS, respectively). The blank tests show that Mn 2+ concentration in solution was not detected during the entire reaction time of 30 min, indicating that Mn 2+ release from the three birnessite samples did not occur in the absence of As(III) in this case. Mn 2+ production rate (rMn2+) was also compared with Bir-NF producing 27.0 μmol g -1 min -1 , being 1.5 and 8.1 times faster than Bir-NW and Bir-NS. This reveals that the higher dissolved Mn 2+ concentration in Bir-NF is attributed to the faster electron transfer from As atoms to Mn atoms, thus considerably improving its As(III) oxidation rate.
Surface charge characteristics
Due to diverse morphologies having different oxygen vacancy defect concentrations, the effect of OVD on surface charge characteristics was investigated by measuring their point of zero charge (pHPZC), which can be used to explain adsorption properties (Fig. 7) . For Bir-NS with the lowest OVD concentration, its pHPZC was lower than 0.36, creating negatively charged sites at pH 6.0, and so making it difficult for As to adsorb. Increasing the OVD concentration increased the pHPZC to 0.67, but Bir-NS with the highest OVD concentrations showed the pHPZC to increase to 1.73. This demonstrates that increasing oxygen vacancy defect concentration in birnessite facilitates pHPZC shift to high pH, thus decreasing electrostatic repulsion and promoting As species adsorption on birnessite at near neutral pH values.
DFT calculation
To reveal the effect of oxygen vacancy defect on As(III) oxidation, As(V) and As(III) adsorption energies were calculated in the presence or absence of one OVD using density functional theory (DFT) calculations. The {100} slab birnessite surface was constructed according to XRD analysis and HRTEM images. The OVD site in {100} slab surface is shown in Fig. S12 . In solution, the H2O molecule can adsorb onto the {100} plane surface and rapidly occupy the OVD site. To perform the calculation HAsO4 2-was used. HAsO4 2-adsorbed on the {100} plane surfaces by the bidentate-binuclear model. The formula for calculating the adsorption energy is as follows:
where Etotal is the total energy of the {100} surface with a H2O molecule after HAsO4 2-adsorption, Eslab is the energy of the {100} slab surface with a H2O molecule, and E HAsO42-is the energy of HAsO4
The calculated adsorption energy of HAsO4 2-on the {100} slab surface is -1.55 eV, suggesting HAsO4 2-adsorbed on the birnessite surface is thermodynamically favorable. For the {100} slab surface in the presence of one OVD, the Eads of HAsO4 2-decreased to -5.27 eV revealing that the adsorption of HAsO4 2-was easier in the presence of one OVD at the {100} slab surface, which is consistent with experimental results for As(V) adsorption.
Adsorption energy was also calculated for HAsO3 2-on the {100} slab surface in the presence and absence of one OVD. The adsorption model for HAsO3 2-on the {100} slab surface is similar to Fig. S13 but HAsO3 2-replaces HAsO4 2- (Fig. 8) . In the absence of OVD, the Eads of HAsO3 2-near the site of the H2O molecule was -1.58 eV. The Eads of HAsO3 2-decreased to -3.40 eV in the presence of one OVD on the {100} slab surface, suggesting that the presence of OVD on the {100} slab surface facilitates the adsorption of As(III) species on birnessite surfaces. Enhanced adsorption performance of As(III) species on birnessite is important for improving rapid As(III) oxidation.
The application of adsorption techniques has been widely investigated for As removal, and iron oxides are highly efficient adsorbents that have invited much interest. Due to As(III) having a weaker affinity for iron oxides compared to As(V), the oxidation of As(III) to As(V) by manganese oxides is an essential step for facilitating adsorption of As species on iron oxides in As contaminated wastewater. Arsenite removal on iron oxide can be significantly enhanced in the presence of manganese oxide. This is due to the oxidation of As(III) by manganese oxide, and then adsorption of As(V) produced by iron oxides. Arsenite is rapidly oxidized to As(V) by manganese oxides, and subsequently adsorbed by iron oxides, which is a practical approach to reduce the toxicity of As in wastewaters. This will be investigated further in future work.
Conclusions
In summary, birnessite-type manganese oxides with morphologies of nanoflower, nanowire, and nanosheet were selected to oxidize As(III) species from arsenic-containing wastewater. Experimental results have revealed that nanoflower-like birnessite exhibits remarkably higher oxidation activity for As(III) removal in comparison to nanowirelike and nanosheet-like birnessites. By varying the morphology of birnessite from nanosheet to nanoflower, it not only promotes As(III) oxidation, but also reduces the adverse effect of adsorption of coexisting ions on As(III) removal. The enhancement of As(III) oxidation activity in nanoflower-like birnessite is attributed to its high oxygen vacancy defect concentration, which not only facilitates the highly efficient contact between As(III) species and manganese oxide, but also accelerates charge transfer from As atoms to Mn atoms, thus significantly promoting As(III) oxidation activity. The present work provides a novel insight towards improving As(III) oxidation performance by controlling birnessite-type manganese oxide morphology. Table and Figure captions   Table 1 Surface area, OVD concentration, specific As(III) oxidation rate, and initial Mn 2+ production rate of the various birnessite morphologies. , pH 6.0. , pH 6.0.  Varying morphology from nanosheet to nanoflower significantly promotes As(III) oxidation activity of birnessites.
List of
 Origin of morphology effect on As(III) removal was experimentally and theoretically studied.
 Presence of high oxygen vacancy defect concentration makes adsorption of As(III) on birnessite more favorable.
 Presence of high oxygen vacancy defect concentration in birnessite accelerates the charge transfer from As to Mn atoms. 
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